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ABSTRACT
In this paper we develop a model for fast radio bursts (FRBs) based on triggered su-
perradiance (SR) and apply it to previously published data of FRB 110220 and FRB
121102. We show how a young pulsar located at ∼ 100 pc or more from an SR/FRB
system could initiate the onset of a powerful burst of radiation detectable over cos-
mological distances. Our models using the OH 2Π3/2 (J = 3/2) 1612 MHz and 2Π3/2
(J = 5/2) 6030 MHz spectral lines match the light curves well and suggest the entan-
glement of more than 1030 initially inverted molecules over lengths of approximately
300 au for a single SR sample. SR also accounts for the observed temporal narrowing
of FRB pulses with increasing frequency for FRB 121102, and predicts a scaling of
the FRB spectral bandwidth with the frequency of observation, which we found to be
consistent with the existing data.
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1 INTRODUCTION
Fast Radio Bursts (FRBs) emanate from extragalactic
sources and are characterized by short (from tens of µs to
several ms) and powerful bursts of radiation detected at ra-
dio frequencies with bandwidths often spanning several hun-
dreds of MHz (Lorimer et al. 2007; Thornton et al. 2013;
Spitler et al. 2014; Petroff et al. 2016; Ravi et al. 2016;
Michilli et al. 2018; Gajjar et al. 2018). But despite increas-
ing observational efforts aimed at their detection and the
characterization of their host environments, the nature of
FRBs remains elusive (Fialkov & Loeb 2017; Fialkov et al.
2017).
Given the relatively low number of detected FRBs to
date, most of our knowledge stems from studies of FRB
121102 (Spitler et al. 2014), the only such source that has so
far been precisely located and had its host identified (Chat-
terjee et al. 2017; Marcote et al. 2017; Tendulkar et al.
2017). Importantly, FRB 121102 has been observed to re-
peat, though irregularly, and has yielded several detections
at frequencies ranging from approximately 1 GHz to 8 GHz.
Although at this time most questions remain unanswered,
the wealth of data available for this source can already be
? E-mail: mhoude2@uwo.ca
used to put some constraints on potential FRB models. Ac-
cordingly, in this paper we expand on our previous appli-
cation of Dicke’s superradiance1 (SR) to the FRB problem
(Houde et al. 2018), while endeavouring to account for the
new data.
SR is a quantum phenomenon where a group of
molecules (or atoms) become entangled through interactions
with their common electromagnetic field (Dicke 1954, 1964;
Gross & Haroche 1982). As a result molecules contained
within a gas act as a unit, as opposed to independent en-
tities, and behave cooperatively in a manner that strongly
affects the characteristics of the gas and the radiation em-
anating from it. As was discussed in Houde et al. (2018)
(see also Rajabi & Houde 2016a,b; Rajabi & Houde 2017),
SR will take place when the following conditions are met:
i) the population levels of the relevant molecular transition
1 Dicke’s superradiance is a quantum mechanical effect that was
introduced by R. H. Dicke in a seminal paper more than 60 years
ago (Dicke 1954). This phenomenon should not be confused with
“black hole superradiance,” which has also been considered within
the context of the FRB problem (e.g., Rosa & Kephart 2018; Con-
lon & Herdeiro 2018). See Brito et al. (2015) for a comprehensive
treatment of black hole superradiance and its historical connec-
tion to Dicke’s superradiance.
© 2018 The Authors
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must be in a state of inversion, ii) there must be sufficient
velocity coherence between the molecules to allow for their
interaction and iii) the time-scales for relaxation (e.g., col-
lisions) and dephasing (e.g., Doppler broadening) processes
must be longer than that characterizing SR. Because of these
requirements, it follows that astronomical evidence for SR
are more likely to be, and have been, detected in regions
harbouring astronomical masers (Rajabi & Houde 2016b;
Rajabi & Houde 2017). Under such circumstances SR will
mainly manifest itself through short and powerful bursts of
radiation, reminiscent of those characterizing FRBs.
SR bursts emanating from a gas containing N molecules
have a temporal duration that scales as ∝ τsp/N, with τsp the
spontaneous emission time-scale of the molecular transition
under consideration, and an intensity ∝ N2I0, with I0 the
intensity resulting from the spontaneous emission of a single
molecule. For these reasons, SR can be described as a coher-
ent and cooperative spontaneous emission of the gas acting
as a whole. This is in contrast to the independent sponta-
neous emission from the individual molecules, which would
take place over a time-scale τsp with an intensity NI0.
In Houde et al. (2018) we successfully modelled FRB
110220 (Thornton et al. 2013) and FRB 150418 (Keane et al.
2016) using an SR model based on the OH 2Π3/2 (J = 3/2)
1612 MHz spectral line. We showed that coherence can build
up in OH samples when a critical column density of in-
verted population is exceeded, i.e., nL ≥ (nL)crit. Here, we
consider an alternative scenario where SR can ensue even
when nL < (nL)crit if coherence is injected into the SR sam-
ple through an external coherent pulse. This pulse acts as
a trigger by polarizing the system and lowering the critical
column density of the inverted population, as will be shown
in Secs. 2 and 3.
Triggered SR has been extensively investigated in lab-
oratory experiments (Carlson et al. 1980; Benedict et al.
1996; Gross & Haroche 1982) and has been shown to be an
effective way of inducing strong bursts of coherent radiation.
Here, we extend this formalism to astronomical settings and
FRBs. In what follows, we describe our methodology in Sec.
2, followed by a discussion of our results in Sec. 3. In the lat-
ter we apply our triggered SR model to existing data of FRB
110220 and FRB 121102, discuss the characteristics of the
source of the triggering pulse, and also demonstrate how SR
can account for other characteristics of FRBs (e.g., polariza-
tion levels, and temporal duration and spectral bandwidth
as a function of frequency). Finally, we end with a summary
and conclusion in Sec. 4.
2 METHODOLOGY
The evolution of a one-dimensional SR large sample can be
calculated using the following equations for (half of) the
population inversion density, polarization and electric field
as a function of position z and retarded time τ = t − z/c
∂Nˆ
∂τ
=
i
~
(
Pˆ+0 Eˆ
+
0 − Eˆ−0 Pˆ−0
)
− Nˆ
T1
+ ΛˆN (1)
∂Pˆ+0
∂τ
=
2id2
~
Eˆ−0 Nˆ −
Pˆ+0
T2
(2)
∂Eˆ+0
∂z
=
iω0
20c
Pˆ−0 (3)
obtained using the Heisenberg representation (Arecchi &
Courtens 1970; Gross & Haroche 1982; Benedict et al. 1996;
Rajabi & Houde 2016b; Houde et al. 2018). In the deriva-
tion of equations (1)-(3), the so-called Maxwell-Bloch equa-
tions, the slowly-varying-envelope-approximation (SVEA)
was used, while the polarization and electric field were mod-
elled, at resonance, with
Pˆ± (z, τ) = Pˆ±0 (z, τ) e±iω0τεd (4)
Eˆ± (z, τ) = Eˆ±0 (z, τ) e∓iω0τεd, (5)
where εd = d/|d | is the unit polarization vector characteriz-
ing the underlying molecular transition of frequency ω0 and
electric dipole moment d. The timescales T1 and T2 are for
losses in the inverted population and polarization, respec-
tively, through non-coherent processes (e.g., collisions and
Doppler broadening), while the non-coherent pumping rate
of the population inversion density is accounted for with ΛˆN.
For all the calculations and models presented in this paper
ΛˆN was set to a constant value.
In the calculations presented in this paper the popula-
tion inversion density is initially assumed 0 across the sam-
ple and eventually settles to a steady-state value Nˆ0 ' ΛˆNT1
(at τ = 0 in our numerical computations). At that time the
polarization is Nd/(2V) sin
(
2/√N
)
, with N the number of
molecules in the inverted population and V the volume, while
the electric field is set to 0 across the sample. A time-varying
triggering pulse Eˆ+0 (z = 0, τ) is then applied at the entrance
of the SR sample (i.e., at z = 0) at some later time.
We arbitrarily chose the following function for the trig-
gering pulse
Eˆ+0 (z = 0, τ) = iEˆ0 cosh−2 [(τ − τ0) /Tt] , (6)
where Eˆ0, τ0 and Tt are the triggering pulse’s amplitude, the
retarded time at its centre (i.e., at its peak) and its duration
parameter, respectively. Although the strength and width of
the triggering pulse have an impact in the response of the
SR sample, its exact shape has little effect for the cases
considered in this paper. It is also important to note that
the triggering pulse is propagating longitudinally in the SR
sample along the z-axis.
Given equations (1)-(3), the aforementioned initial con-
ditions for Nˆ, Pˆ+0 and Eˆ
+
0 , as well as the amplitude of the
inversion pump ΛˆN and equation (6) for the triggering pulse,
we computed the evolution of an SR sample of length L up to
a retarded time τmax using established numerical integration
methods. That is, we transformed the three evolution equa-
tions into a system of ordinary differential equations, built
an evenly spaced Cartesian grid for the spatial 0 ≤ z ≤ L and
retarded time 0 ≤ τ ≤ τmax coordinates, and used a fourth-
order Runge-Kutta method to solve the system of equations.
The computations were performed by moving forward in
τ for a particular discretized position zk (k is an integer),
where both the population inversion density and the polar-
ization were evaluated at the next grid point in τ, and the
electric field at the next spatial point zk+1. This continued
until τ = τmax was reached, at which point the process was
repeated for z = zk+1 and τ = 0, and so on until the entire
grid was covered (Mathews 2017).
This grid discretization method analogous to the
method of lines implies that backward propagation is neg-
ligible (Haroche et al. 1977), and is therefore well adapted
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to SR in a mirrorless astronomical setting with a triggering
pulse propagating in the forward direction.
As was the case in our previous applications of SR to as-
trophysics (Rajabi & Houde 2016a,b; Rajabi & Houde 2017;
Rajabi 2016; Houde et al. 2018), our SR samples are as-
sumed to have a cylindrical geometry of length L  λ, with
λ the wavelength of radiation. The radius of a sample is
constrained by imposing a Fresnel number of unity (i.e., the
cross section of the cylinder is given by A = λL), a necessary
condition for preserving phase coherence along the length of
the sample (Gross & Haroche 1982; Rajabi & Houde 2017).
The models and fits to the data presented in the next
section were performed by adjusting the steady-state level
of the inverted population density prior to the arrival of
the triggering pulse (i.e., Nˆ0 ' ΛˆNT1), the length of the SR
sample L, the dephasing time-scale T2, and the parameters of
the triggering pulse (i.e., Eˆ0 and Tt in equation (6)). Finally,
the models were scaled in intensity to the corresponding
data.
3 RESULTS AND DISCUSSION
In previous works on SR, whether dealing with star-forming
regions (Rajabi & Houde 2017), the surroundings of evolved
stars (Rajabi & Houde 2016b) or FRBs (Houde et al. 2018),
we consistently focused on situations where SR is initiated
when the inversion level is high enough to bring the column
density nL of the inverted population (n = N/(AL)) above
the critical threshold (nL)crit where the time-scale of SR
TR = τsp
8pi
3nLλ2
(7)
becomes small enough in comparison to the non-coherent
relaxation/dephasing time-scales T1 and T2. As before, in
equation (7) τsp is the time-scale of spontaneous emission for
the underlying molecular transition (i.e., τsp is the inverse of
the Einstein coefficient of spontaneous emission).
The initiation of SR could thus be caused, for example,
by a sufficiently strong increase in the pumping rate (i.e.,
ΛˆN) over a time-scale Tp approximately matching the dura-
tion of the SR burst that ensues (or shorter). As previously
mentioned this burst is characterized by a powerful coher-
ent radiation of intensity proportional to N2, and is emitted
over a beam of small angular extent. In contrast, a similar
region, i.e., one harbouring an inverted population with suf-
ficient velocity coherence, for which nL < (nL)crit will not
see the onset of an SR burst but will instead be host to a
steady-state astronomical maser with non-coherent intensity
proportional to N.
However, an increase in the inverted column density is
not the only way SR can be initiated. That is, even when
nL < (nL)crit it is possible to bring conditions favourable to
the onset of SR by “injecting” coherence into the sample.
To better understand how this comes about, let us consider
the special case when we set T1 = T2 ≡ T ′ and ΛˆN = 0
in equations (1)-(3), with the initial population inversion
density Nˆ (z, 0) = n/2. It can then be shown that
(nL)crit ≈
2pi
3λ2
τsp
T ′
ln ( θ02pi )2 (8)
with θ0 the so-called initial Bloch angle. It is common to
set θ0 = 2/
√
N to account for initial polarization fluctuations
due to spontaneous emission within the sample at τ = 0
(Gross et al. 1976; Gross & Haroche 1982). Since the number
of molecules is large (e.g., of the order of at least 1030 for
FRBs; see below), θ0 is a very small number implying an
initial polarization
Pˆ+0 (z, 0) '
Nd
2V
θ0; (9)
see Appendix A of Houde et al. (2018) for more details.
It becomes clear from equations (8) and (9) that induc-
ing a larger polarization at τ = 0 will effectively reduce the
critical inverted column density level and facilitate the ini-
tiation of SR. This is not surprising since a higher polariza-
tion implies a larger total electric dipole moment (per unit
volume) in the sample, which results from having a larger
number of individual molecular electric dipoles oscillating in
a well-defined phase relationship. In other words, a higher
polarization level implies increased coherence within the SR
sample.
Still using the special conditions where T1 = T2 ≡ T ′, it
can also be shown that the electric field and the Bloch angle
are simply related through (see equation (A33) in Houde
et al. 2018)
θ (z, τ) = − i2d
~
∫ τ
−∞
Eˆ+0
(
z, τ′
)
dτ′. (10)
It therefore follows that the presence of a triggering pulse
of the type given in equation (6) at the entrance of the SR
sample (i.e., at z = 0) will set the value of the initial Bloch
angle to
θ0 =
4d
~
Eˆ0Tt (11)
and lower (nL)crit enough to allow for the emission of an SR
radiation burst by appropriately choosing Eˆ0Tt.
We now apply this triggered SR formalism, in the more
general case where T1 , T2, to previously published data of
FRB 110220 and FRB 121102.
3.1 Applications to FRB data
3.1.1 FRB 110220
We first develop a triggered SR model to the previously pub-
lished data for FRB 110220 detected at ∼ 1.4GHz (Thornton
et al. 2013). As was done in Houde et al. (2018), we select
the OH 2Π3/2 (J = 3/2) 1612 MHz spectral line for our cal-
culations, while keeping in mind that any other lines in the
corresponding frequency range known (or to be shown) to
exhibit population inversion could also be used for the anal-
ysis.
We need to set a few parameters that come in the model.
First, damping in the SR signal is due to the finite values
associated with the relaxation T1 and dephasing T2 time-
scales. Since losses in the inverted population (i.e., relax-
ation) are likely due to collisions, it is to be expected that
T1 will be much greater than the duration of the intensity
burst (∼ 10ms). Evidently, T1 will vary as a function of the
(unknown) gas density and temperature of the medium host-
ing the FRB system. But the fact that T1  TR implies that
this time-scale will have practically no effect on the shape of
the intensity curve produced by our SR model. We therefore
MNRAS 000, 1–9 (2018)
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arbitrarily set T1 = 10 s (i.e., corresponding to a density of
∼ 109 cm−3 for a relative velocity of ∼ 1 km s−1 between col-
liding partners), although significantly different values (e.g.,
T1 = 1 or 100 s) would produce the same outcome. Secondly,
we must also set an appropriate level for the population in-
version density prior to the arrival of the triggering pulse.
To do so, we choose an inversion density of ∼ 1 cm−3 for a
molecular population spanning a velocity range of approxi-
mately 1 km s−1 (or ∼ 5000Hz at 1612 MHz). For a spectral
width of ∼ 50Hz, which approximately matches the tempo-
ral profile of FRB 110220 (and therefore that from a single
SR sample; see below), this corresponds to a population in-
version density of approximately 0.01 cm−3, which we adopt
for our calculations. We here again emphasize that a wide
range of values are equally applicable for our SR model since
the time-scale of SR (i.e., TR) is set by the column density of
the inverted population nL. That is, for a given TR a change
in n can be accommodated by the opposite change in L.
Figure 1 shows the result of our analysis using the model
described in Sec. 2 to fit the data of Thornton et al. (2013)
for FRB 110220. While initially unable to sustain an SR
event, we find that an SR sample of length L = 4.2×1015 cm
(280 au) and inverted column density nL = 4.2 × 1013 cm−2
subjected to a triggering pulse of 0.32 nVm−1 in amplitude
and Tt = 0.54 ms in width (see equation (6)) will emit a
strong burst of radiation approximately 10 ms after the ar-
rival of the trigger (still using the retarded time τ). Such a
delay before the appearance of the radiation burst is a sig-
nature of SR, a phenomenon which does not take place for
non-coherent radiation (e.g., astronomical masers). The de-
phasing time-scale T2 = 1.2 ms is most likely set by Doppler
motions within the sample (Houde et al. 2018). The resulting
SR model (solid cyan curve) matches the data (black dots)
well, as can be seen in the top panel of the figure. The black
and cyan curves in the bottom panel, respectively, show the
inversion level at the end-fire of the sample (i.e., at z = L)
and the triggering pulse at its entrance (i.e., at z = 0), with
corresponding scales on the left and right vertical axes.
It is important to note from Figure 1 that the symmet-
ric shape of the triggering pulse is not transferred to the
SR burst, which displays a significant asymmetry in its pro-
file. Although the amplitude of the trigger is “amplified” by
a factor of ∼ 108 from the entrance to the end-fire of the
SR sample, the shape of the burst is largely a result of the
characteristic response of the system to the excitation.
The cross-section of our model SR sample is small with
a radius of 1580 km, while it contains on the order of 1030
entangled molecules that cooperatively emit a pulse of peak
integrated intensity a few times 10−30Wm−2 from a fiducial
distance of 1 Gpc. As was discussed in Houde et al. (2018),
regions hosting inverted populations responsible for astro-
nomical (mega)masers are known to be much larger (several
au). Consequently, the arrival of the triggering pulse and the
ensuing initiation of SR will cause the aforementioned region
to break into a very large number of simultaneously triggered
SR samples (Houde & Rajabi 2018). We thus expect that the
solid angle spanned by the radiation emitted from a region
hosting the multiple SR samples will be defined by its geome-
try, in a manner similar to astronomical masers. This further
implies that our SR model easily matches the detected flux
density for FRB 110220. The same conclusion was reached
by Houde et al. (2018), who also fitted this source with an
Figure 1. Triggered SR model for FRB 110220 (Thornton et al.
2013). Top: The black dots and cyan solid curve trace, respec-
tively, the data and the resulting fit. Bottom: The black and cyan
curves, respectively, show the inversion level and the triggering
pulse, with corresponding scales on the left and right vertical axes.
The model parameters are L = 4.2×1015 cm (280 au), T1 = 10 s and
T2 = 1.2 ms. The triggering pulse has an amplitude of 0.32 nVm−1
and a width Tt = 0.54 ms. The inversion level prior to the trig-
ger corresponds to approximately 1 cm−3 for a population span-
ning 1 km s−1. The column density of the inverted population is
4.2 × 1013 cm−2. The model is scaled to the data.
SR model where the initial population inversion density was
such that nL > (nL)crit. This earlier model took advantage
of the sine-Gordon solution to the Maxwell-Bloch system of
equations (i.e., when T1 = T2 ≡ T ′ and ΛˆN = 0 in equations
(1)-(3)) and, although it does not provide as much freedom
in the selection of the relaxation/dephasing parameters, also
provided a good fit to the data.
3.1.2 FRB 121102
As mentioned in Sec. 1, FRB 121102 is, so far, the only
source for which a precise location and redshift (z = 0.193,
Tendulkar et al. 2017) are known, and for which a large
number of bursts have been detected in several frequency
bands (Spitler et al. 2014; Scholz et al. 2016; Law et al.
2017; Michilli et al. 2018; Gajjar et al. 2018). The signifi-
cant amount of available data for this object represents the
best source for testing the many theoretical models put forth
to explain the origin of FRBs. Accordingly, we now apply
the triggered SR formalism to the Discovery Burst of FRB
121102 detected at ∼ 1.4GHz (Spitler et al. 2014) and to
recent observations from Michilli et al. (2018) obtained at
4–5 GHz.
We once again choose the OH 2Π3/2 (J = 3/2) 1612
MHz transition for the Discovery Burst, although, as was
the case for FRB 110220, other lines would do equally well.
We kept the same values as before for the relaxation time-
scale (i.e., T1 = 10 s) and molecular population inversion den-
sity (i.e., corresponding to 1 cm−3 within 1 km s−1; see Sec.
3.1.1). But the shorter duration of this burst (∼ 5ms) in
comparison to FRB 110220 implies a larger spectral width
of ∼ 100Hz for a single SR sample and, therefore, an in-
creased value of 0.02 cm−3 for the population inversion den-
MNRAS 000, 1–9 (2018)
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Figure 2. Same as Fig. 1 but for the Discovery Burst of FRB
121102 (Spitler et al. 2014). The model parameters are L = 4.45×
1015 cm (∼ 300 au), T1 = 10 s and T2 = 0.5 ms. The triggering
pulse has an amplitude of 0.5 nVm−1 and a width Tt = 0.1 ms. The
inversion level prior to the trigger corresponds to approximately
1 cm−3 for a population spanning 1 km s−1. The column density of
the inverted population is 8.9 × 1013 cm−2.
sity in that bandwidth prior to the arrival of the triggering
pulse. Although a similar trigger as for FRB 110220 would
also work, we opted for a narrower triggering pulse of width
Tt = 0.1 ms (see below) and amplitude 0.5 nVm−1 to initiate
the SR burst. Otherwise, the other parameters needed for
the fit were similar to those for the previous FRB 110220
model, except for the dephasing time-scale T2. That is, our
new model has T2 = 0.5ms, while the length of the sample
was set to L = 4.45× 1015 cm (or ∼ 300 au). The resulting fit
is shown in Figure 2.
We note that, in comparison to FRB 110220, the higher
level of population inversion, and corresponding inverted col-
umn density nL = 8.9 × 1013 cm−2, resulted in a faster re-
sponse (i.e., narrower pulse) and a shorter delay of approxi-
mately 7 ms before the appearance of the SR burst after the
arrival of the trigger (in retarded time). Finally, the cross
section of the SR sample has a radius of 1620 km, while
∼ 8×1030 entangled molecules are partaking in the emission
process.
In Figure 3 we adapt our SR model to Burst 3 found in
Extended Data Figure 1 of Michilli et al. (2018), which re-
sulted from observations of FRB 121102 at 4–5 GHz. Given
the spectral band of observation we must choose a transi-
tion that scales correspondingly with frequency. We there-
fore selected the OH 2Π3/2 (J = 5/2) 6030 MHz spectral
line commonly used in maser studies for our analysis (Gray
2012). 2 Since the SR characteristic time-scale varies with
the frequency ν and the time-scale of spontaneous emission
2 Given the redshift associated to FRB 121102 the OH 2Π3/2
(J = 5/2) 6030 MHz spectral line would end up on the upper
end of the spectral band under consideration in the observer’s
rest frame. This is consistent with the assumption that regions
hosting SR/FRB systems must contain gas exhibiting motions
over a wide velocity range (Houde et al. 2018). We note, how-
ever, that the group of OH 2Π1/2 (J = 7/2) lines in the vibrational
τsp as TR ∝ τspν2, we expect the OH 6030 MHz transition
to be almost 10 times “faster” than the OH 1612 MHz line
for a given inverted column density nL (see eq. 7; the Ein-
stein coefficients for spontaneous emission for the OH 1612
MHz and OH 6030 MHz transitions are 1.282×10−11 s−1 and
1.524×10−9 s−1, respectively). In other words, the higher fre-
quency for Burst 3 than for the Discovery Burst implies a
narrower pulse. This thus provides a natural explanation for
the observed narrowing of FRB signals with increasing fre-
quency, as exemplified in Figures 2 and 3 (Michilli et al.
2018; Gajjar et al. 2018).
The significantly shorter duration for this burst (∼ 0.5
ms) places constraints on our model since it potentially orig-
inates from the same region that produced the broader Dis-
covery Burst at a lower frequency (see Figure 2). We there-
fore posit a similar length L for the corresponding SR sys-
tems, while it is also reasonable to assume that the common
origin for the two bursts would imply triggering from the
same source (see Sec. 3.2). We thus endeavoured to pro-
duce a fit for Burst 3 with a model using the same trig-
gering pulse duration and SR sample length as the ones
for the FRB 121102 Discovery Burst (i.e., Tt = 0.1 ms and
L = 4.45 × 1015 cm, respectively). The remaining fit param-
eters yielded T2 = 0.05 ms for the dephasing time-scale (we
still used T1 = 10 s for relaxation processes) and an inverted
population nL = 1.1 × 1014 cm−2. The underlying density of
the inverted column density for a single SR sample remains
basically unchanged at n = 0.024 cm−3, which corresponds to
a density of 0.12 cm−3 within 1 km s−1 given the wider spec-
tral extent associated to a single SR sample (i.e., ∼ 1000
Hz). In other words, for a fixed SR sample length the Burst
3 model with the OH 6030 MHz line requires an inversion
level that is approximately an order of magnitude lower than
that for the Discovery Burst with the OH 1612 MHz tran-
sition. Finally, the amplitude of the triggering pulse was in-
creased slightly to 0.75 nVm−1, while the cross section of the
SR sample has a radius of 839 km and ∼ 2 × 1030 inverted
molecules are responsible for the SR burst.
3.2 Source of the triggering pulse
The models above require significant amounts of molecular
material, and use short coherent triggering pulses (∼ 0.5 ms
for FRB 1102220 and 0.1 ms for FRB 121102) at levels of
∼ 10−9 Vm−1 or less. One obvious candidate to be consid-
ered as a source are young pulsars, which are known to emit
brief coherent pulses in the frequency range we are concerned
with, and which are typically born in star-forming regions
near molecular clouds. We now verify whether this is a possi-
bility by assessing the intensity of radiation needed to trigger
the onset of an SR burst given the examples above.
With the intensity of the triggering pulse given by
It = c0E20 /2, it follows that a broadband triggering pulse
with an electric field amplitude E0 = 10−9 Vm−1 over a
bandwidth of 1 kHz (i.e., approximately matching the cor-
responding parameters for Burst 3 of FRB 121102) would
ground state at about 5.5 GHz would end up at lower frequencies
(i.e., ∼ 4.6 GHz).
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Figure 3. Same as Fig. 2 but for FRB 121102 Burst 3 from
Michilli et al. (2018). The model parameters are L = 4.45 × 1015
cm (∼ 300 au), T1 = 10 s and T2 = 0.05 ms. The triggering pulse
has an amplitude of 0.75 nVm−1 and a width Tt = 0.1 ms. The
inversion level prior to the trigger corresponds to approximately
0.12 cm−3 for a population spanning 1 km s−1. The column density
of the inverted population is 1.1 × 1014 cm−2.
yield a flux density of ∼ 100 Jy. At a distance of ∼ 100 pc
from a SR/FRB system and at a frequency of ∼ 1.4 GHz,
eight of the ∼ 1800 known radio pulsars would have a pulse-
averaged flux density > 100 Jy (Manchester et al. 2005).3
Of particular note as an indicative example of feasibility is
PSR J1410–6132, an energetic radio and γ-ray pulsar with
a characteristic age of just ∼25 000 years and at Galactic
coordinates ` = 312.2− and b = −0.09 (O’Brien et al. 2008).
PSR J1410–6132 has a flux density of 6 ± 1 mJy at 1.5 GHz
at an estimated distance of ∼ 15 kpc, with a narrow pulse of
full width ∼ 2 ms. At a distance of 100 pc, this would imply
a flux density of ∼ 135 Jy (pulse-averaged) and ∼ 3000 Jy
(peak). This pulsar is also just 20 pc from the Galactic plane,
where much of the molecular material in the Milky Way is
found. It is inevitable that there are similarly young radio
pulsars in many other galaxies that produce narrow high-
fluence pulses in the vicinity of molecular clouds.
Alternatively, two young pulsars, B0531+21 (the Crab
pulsar) and B0540–69 (the “Crab twin” in the Large Mag-
ellanic Cloud), have pulse-averaged fluxes that would be far
below 100 Jy at 100 pc, but can produce individual “giant
pulses” that can be extremely brief and extremely bright
(Johnston & Romani 2003; Knight 2006).4 For example,
Hankins et al. (2003) have reported micro-structure in in-
dividual giant pulses from PSR B0531+21 with durations of
a few nanoseconds, and with peak flux densities of > 1000 Jy
at a distance of ∼ 2 kpc.
In either case, we are left with a scenario in which a
straightforward triggering source in the form of a young ra-
dio pulsar, located at some astronomical distance (hundreds
of pc and more), could be responsible for the relatively small
incident signal (∼ 100 Jy) needed at the input of an SR sys-
tem to cause the onset of a powerful FRB detectable over
3 ATNF Pulsar Catalogue v1.58, accessed on 2018 August 12
4 Several recycled, or “millisecond” pulsars also produce giant
pulses. However, such systems are extremely old, and are almost
never found anywhere near dense molecular material.
cosmological distances. Incidentally, the nature of the pulsar
signal could lead to the existence of repeating FRB signals.
We also note that the periodicity of such a signal may not
be clear from the data because of the different delay times
between the trigger and the appearance of the FRB pulses
depending on the frequency (i.e., spectral lines) and the in-
verted column density (see Houde et al. 2018). The response
of the SR/FRB system could be further complicated if the
pulsar’s period is shorter than the time interval needed to
replenish the inverted population after it has been quenched
by the emission of a radiation pulse. Subsequent bursts of
radiation could therefore exhibit significantly differing inten-
sities, some being too low for detection.
It is also interesting to note that there exists a least one
reported case of a background pulsar stimulating the emis-
sion of OH 1720 MHz photons from a foreground molecular
cloud (Weisberg et al. 2005). Although the physical condi-
tions in this case were not sufficient to sustain even a maser
action, it is nonetheless similar in form to the scenario de-
scribed above.
Incidentally, triggered SR can easily account for
strongly polarized FRB signals, as seen in recent observa-
tions of FRB 121102 (Michilli et al. 2018; Gajjar et al. 2018).
That is, the triggering pulse, if polarized, will couple more
efficiently to a spectral transition that has similar polariza-
tion characteristics. This could then favour one transition
out of a group of degenerate lines and lead to the presence
of large polarization levels in the FRB.
3.3 Spectral bandwidth
In our SR model for FRBs, a single SR sample is responsible
for the emission of a FRB of narrow spectral extent (e.g., ∼ 1
kHz for Burst 3 of Michilli et al. 2018 presented in Figure
3) centred at the frequency of the corresponding molecular
transition. It therefore follows that the broad FRB band-
widths must be due to gas motions covering the large (mildly
relativistic) velocity range needed to produce the wide spec-
tral widths at the observed frequencies (Houde et al. 2018).
A large number of independent SR systems of small spectral
width, but Doppler shifted relative to each other, then fill
up the total FRB spectrum. Although the notion that the
wide spectra of FRBs could result from a process based on
spectral lines, which are intrinsically narrowband, could at
first sight appear unlikely, there are well known cases in as-
trophysics where this happens. To make this point clearer,
we show in the top panel of Figure 4 the spectrum of Burst
16 of Michilli et al. (2018) displayed as a function of velocity
(we arbitrarily chose ν0 = 4.55 GHz as the centre frequency
and determined the velocity with v = −c∆ν/ν0, where ∆ν
is the excursion from ν0). Although the velocity range cov-
ered by the FRB signal is significantly larger, the structure
of the spectrum is reminiscing of those observed for mega-
masers, which are based on an underlying physical process
(stimulated emission) that is narrowband in nature. This
can be asserted, for example, through a comparison with
the spectrum of the H2O megamaser toward UGC 3789 also
shown in Figure 4 (bottom panel; taken from Figure 1 of
Reid et al. 2009). If this situation also holds for FRBs, then
we expect their spectral bandwidths to approximately scale
linearly with frequency through the Doppler effect.
MNRAS 000, 1–9 (2018)
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No. 1, 2009 VLBI OBSERVATIONS OF UGC 3789 289
Figure 1. Interferometer spectrum of the 22 GHz H2O masers toward
UGC 3789 constructed from VLBI data using the VLBA, the GBT and the
Effelsberg antennas. The systemic velocity of the galaxy of 3325 ± 24 km s−1,
as determined from H i observations, is within the systemic velocity components
shown in green colors. High-velocity components, shifted by up to 800 km s−1
from the systemic velocity, are shown in blue and red colors. Broadband spectra
taken with the GBT before the VLBI observations showed almost no detectable
maser features outside our observing bands, indicated by horizontal lines below
the spectrum.
and antenna gain curve information into calibration tables.
These tables were used later to convert correlation coefficients to
flux densities. Next, we performed a “manual phase-calibration”
to remove delay and phase differences among all bands. This was
accomplished with data from one scan on a strong calibrator,
4C 39.25. We did not shift the frequency axes of the maser
interferometer spectra to compensate for the Doppler shift
changes during the ±5 hr UGC 3789 observing track, as these
effects were less than our velocity resolution of 1.7 km s−1.
The final calibration involved selecting a maser feature as
the interferometer phase-reference. The strongest maser feature
in the spectrum peaked at ≈0.07 Jy and was fairly broad. We
found that using five channels spanning an LSR velocity range of
2685 to 2692 km s−1 (i.e., channels 52 to 56 from the blueshifted
high-velocity band centered at VLSR = 2670 km s−1), adding
together both polarizations, and fitting fringes over a 1 min
period gave optimum results. The St. Croix (SC) antenna failed
to produce phase-reference solutions and data from that antenna
were discarded. For most antennas at most times the phases
could be easily interpolated between solutions. However, when
the differences between adjacent reference phases exceeded 60◦,
the data between those times were discarded. This editing was
done on baseline (not antenna) data, since correlated phases
between antennas do not affect interferometer coherence.
After calibration, we Fourier transformed the gridded (u, v)-
data to make images of the maser emission in all spectral
channels for each of the five IF bands. The point-source
response function had FWHM of 0.35 × 0.22 mas elongated
along a position angle of −17◦ east of north. The images were
deconvolved with the point-source response using the CLEAN
algorithm and restored with a circular Gaussian beam with a
0.30 mas FWHM. All images appeared to contain single,
pointlike maser spots. We then fitted each spectral channel image
with an elliptical Gaussian brightness distribution in order to
obtain positions and flux densities.
3. RESULTS AND DISCUSSION
Channel maps typically had rms noise levels of ≈0.9 mJy
for the dual-polarized IF bands and ≈1.2 mJy for the single-
polarization IF bands. The flux densities from the Gaussian fits
Table 2
UGC 3789 Redshifted High-Velocity Spots
VLSR Flux Density Θx σΘx Θy σΘy
(km s−1) (mJy) (mas) (mas) (mas) (mas)
3912.3 11.5 −0.737 0.009 −0.827 0.013
3910.6 13.3 −0.719 0.008 −0.829 0.012
3908.9 12.0 −0.725 0.009 −0.834 0.013
3881.7 10.5 −0.744 0.010 −0.863 0.015
3880.0 11.0 −0.760 0.010 −0.868 0.014
3868.1 10.8 −0.755 0.010 −0.868 0.014
3866.4 13.3 −0.757 0.008 −0.874 0.012
3864.7 14.0 −0.760 0.008 −0.876 0.011
3863.0 13.6 −0.765 0.008 −0.884 0.011
3861.3 13.8 −0.767 0.008 −0.866 0.011
3761.0 13.2 −0.940 0.011 −1.098 0.015
3759.3 15.0 −0.944 0.009 −1.103 0.014
3757.6 18.1 −0.947 0.008 −1.098 0.011
3755.9 14.8 −0.939 0.009 −1.088 0.014
3754.2 10.3 −0.959 0.014 −1.101 0.020
3738.9 10.6 −1.002 0.013 −1.138 0.019
3737.2 10.0 −0.986 0.014 −1.132 0.020
3735.5 13.0 −0.970 0.011 −1.139 0.016
3660.7 12.0 −1.197 0.012 −1.516 0.017
Note. Columns 1 and 2 give the LSR velocity and flux density of maser spots
in individual spectral channels. Columns 3 (5) and 4 (6) give the east (north)
offsets and their uncertainties. Offsets are with respect to the phase reference
obtained by summing the emission between velocities 2685 and 2692 km s−1.
for all spectral channels in all IF bands were used to generate the
interferometer spectrum shown in Figure 1. When little signal
was detected in a spectral channel, as evidenced by a failed fit
or a spot size greater than 1 mas, we assigned that channel zero
flux density.
The flux densities and positions determined by Gaussian
fitting each spectral channel image are reported in Tables 2,
3 and 4 for maser spots stronger than 10 mJy. The positions of
these spots are plotted in Figure 2. The nearly linear arrangement
of the maser spots on the sky is striking. The redshifted and
blueshifted high-velocity spots straddle the systemic emission
complex. This spatial–velocity arrangement is characteristic of
a nearly edge-on disk, as is well documented for NGC 4258
(Herrnstein et al. 2005).
We calculated the position along the spot distribution (i.e.,
an impact parameter along position angle of 41◦ east of north)
and show a position–velocity plot in Figure 3. The high-velocity
masers display a Keplerian velocity (V ∝ 1/√R) versus impact
parameter (or radius), suggesting that the gravitational potential
is dominated by a SMBH. The Keplerian velocity pattern
is centered at VLSR ≈ 3265 km s−1. This is slightly offset
from the central velocity of H i emission from the galaxy at
VHelio ≈ 3325 ± 24 km s−1 (Theureau et al. 1998). (Note:
VLSR − VHelio = 0.3 km s−1 for UGC 3789). Correcting the
maser velocity to the CMB reference frame (i.e.,VCMB ≈ VLSR +
60 km s−1), yields a recessional velocity of 3325 km s−1. Thus,
for H0 = 72 km s−1 Mpc−1, UGC 3789’s distance would be
expected to be ≈ 46 Mpc.
The detected blueshifted high-velocity masers sample disk
radii between 0.35 and 0.70 mas (0.08 to 0.16 pc) and achieve
rotation speeds as high as 792 km s−1, with respect to a central
systemic velocity of 3265 km s−1. The detected redshifted
masers sample radii of 0.50 to 1.33 mas (0.11 to 0.30 pc)
and achieve rotation speeds up to 647 km s−1. Also shown by
the straight dotted lines in Figure 3 is the position–velocity
Figure 4. Top: t e spectrum of Burst 16 (adapted) from Michilli
et al. (2018) as a function f veloc y. To do so we arbitrarily chose
ν0 = 4.55 GHz as the centre frequency a d determined the velocity
with v = −c ∆ν/ν0, where ∆ν is the excursion from ν0. Bottom: the
spectrum of the H2O megamaser toward UGC 3789, taken from
Figure 1 of Reid et al. (2009). Although the velocity range covered
by the FRB signal is significantly larger, the structure of the FRB
spectrum is reminiscing of that observed for the megamaser.
We show in Figure 5 a graph of the bandwidth (FWHM in
MHz) of FRB 121102 signals measured as a function of the
frequency band (ν in GHz) at which they were measured.
The data were taken from Spitler et al. (2016) (at ∼ 1.4
GHz), Scholz et al. (2016) (at ∼ 2 GHz), Law et al. (2017)
(at ∼ 3 GHz), Michilli et al. (2018) (at 4–5 GHz) and Gaj-
jar et al. (2018) (at 5–8 GHz; Bursts 11A and 11D). For
all cases, except the data from Law et al. (2017) and Gajjar
et al. (2018), the spectra were integrated over a time interval
containing their corresponding FRB signal and fitted with
a simple Gaussian functio , yielding an amplitude, a fre-
quency centre (ν) and a spectral width (FWHM). A similar
analysis was already performe by the authors for the data
fr m Law et al. (2017) and their results presented i their
Table 2, w ich w have used in Figure 5. For the Gajjar e al.
(2018) data a two-component G ussian fit was required for
some spectra, as the presence of significant fine structure
of narrower andwidth ne ded to be fitted along with the
broad compo ent we were seeking to evaluate. Moreover,
whenever multiple pulses appeared at different times and
frequencies in a dynamic spectrum they were treated and
fitted separately (e.g., see FRB 11A in Figure 2 of Gajjar
et al. 2018). For all data sets we limited ourselves to spec-
tra with sufficient SNR and avoided cases where the spectral
profile was severely truncated at one edge of the correspond-
ing frequency band. The large uncertainties at the higher
frequency bands are mostly due to the presence of signifi-
cant fine structure in the spectra (Law et al. 2017) and the
fact that the assumed Gaussian form is not perfectly realized
in the data.
We also note that a linear relationship between the
bandwidth and the frequency would imply that the different
spectral transitions responsible for the emission across the
bands are all excited by the same gas components. This is
unlikely to be realized as the excitation requirements vary
from line to line. For example, the groups of OH 2Π3/2
(J = 3/2) 1.7 GHz, 2Π3/2 (J = 5/2) 6 GHz and 2Π1/2
(J = 7/2) 5.5 GHz spectral lines have excitation tempera-
tures of ' 0 K, ' 120 K and ' 617 K, respectively. It fol-
lows that we should expect transitions that are more easily
excited to span wider velocity ranges (and relative band-
widths), and vice-versa. Still, despite the amount of disper-
sion present in the measured bandwidths at basically all fre-
quencies in Figure 5, there is a clear tendency for the FWHM
to systematically increase with frequency. The solid red line
in the figure is a linear fit of the form FWHM = aν, with
a = 156 ± 4 MHz/GHz, which would be expected for a rela-
tion based on the (non-relativistic) Doppler effect alone. We
note that the assumptions underlying this linear fit, namely
a Gaussian spectral shape for measuring the spectral widths
and their linear scaling with frequency, are not necessary
conditions for SR. They simply act as tools to better visual-
ize and quantify the systematic increase of signal bandwidth
with frequency.
This result is consistent with the prediction of our SR-
based model that the bandwidth of an FRB is due to the
velocity range covered by motions in the gas where the ra-
diation is originating. We thus interpret this behaviour as
consistent with our proposal that FRBs result from emis-
sion due to spectral lines.
4 CONCLUSION
In this paper, we have applied a triggered SR model to
FRBs and, in particular, to previously published data of
FRB 110220 (Thornton et al. 2013) and FRB 121102 (Spitler
et al. 2014; Michilli et al. 2018). We have shown how, for ex-
ample, a young pulsar located at ∼ 100 pc or more from
an SR/FRB system could initiate the onset of a powerful
burst of radiation detectable over cosmological distances. In
the process the electric field of the coherent triggering pulse
is “amplified” by a factor of approximately 108 by the SR
system.
Our models using the OH 2Π3/2 (J = 3/2) 1612 MHz
and 2Π3/2 (J = 5/2) 6030 MHz spectral lines match the light
curves well and suggest the entanglement of more than 1030
initially inverted molecules over lengths of approximately
300 au for a single SR sample (the inverted column density
MNRAS 000, 1–9 (2018)
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Figure 5. The bandwidth (FWHM in MHz) of FRB 121102 sig-
nals measured as a function of the frequency band (ν in GHz)
at which they were measured. The data were taken from Spitler
et al. (2016) (at ∼ 1.4 GHz), Scholz et al. (2016) (at ∼ 2 GHz),
Law et al. (2017) (at ∼ 3 GHz), Michilli et al. (2018) (at 4–5 GHz)
and Gajjar et al. (2018) (at 5–8 GHz; Bursts 11A and 11D). In
all cases the spectra were integrated over a time interval contain-
ing the FRB signal and fitted with a simple Gaussian function.
The solid red line is a linear fit of the form FWHM = aν, with
a = 156 ± 4 MHz/GHz, as would be expected for a relation based
on the (non-relativistic) Doppler effect alone.
nL ∼ 1014 cm−2). The FRB systems responsible for the emis-
sion of the detected pulses are expected to be composed
of a very large number of such SR samples that span the
observed large bandwidths and cover the expected spatial
volume occupied by inverted molecular populations (e.g., as
in maser- or megamaser-hosting environments).
Furthermore, our SR model for FRB 121102 naturally
accounts for the observed temporal narrowing of FRB pulses
with increasing frequency (Michilli et al. 2018; Gajjar et al.
2018). We also predict an approximately linear scaling be-
tween the FRB spectral bandwidth and the frequency of
observation, which we found to be consistent with the ex-
isting data. Finally, the high Faraday rotation observed in
FRB 121102 could be accounted for in our SR model by the
fact that it requires the presence of significant amounts of
molecular material for the generation of the corresponding
signals.
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